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13  ABSTRACT 


Current  knowledge  of  the  physical  effects  of  underwater  explosions  on  the 
environment  is  sunjuarized,  with  particular  attention  to  the  heating  of  water, 
the  mixing  of  explosion  products  with  water,  and  craterirg.  Theory  and  data 
indicate  tliat  theiiEal  effects  on  the  environment  are  negligible  because  rnpid 
turbulent  mixing  reduces  any  temperature  excess  to  a  negligible  amount  within 
minutes*  Virtually  no  data  eire  available  on  the  mixing  of  explosion  products 
with  water  and  air.  However,  information  on  the  bubble  and  surface  phenomena  of 
underwater  explosions  has  been  utilized  to  provide  qmlitative  guidance  concerning 
the  distributions  Immediately  after  a  test.  Existii^g  theories  of  turbulent 
diffusion  can  be  applied  to  calculate  the  subsequent  hii^toiy  of  the  products. 
Knowledge  of  the  physical  effects  of  bottom  explocions  011  the  environiaeut  ^  r 
limited  to  f’ratcr  ueasurem'-ut';  ii'  chnlb'>  '  water  and  some  aata  on  U.i-’  behavior 
of  ^on  bubbles  in  .’cep  water.  Suggested  programs  to  fill  l^^P'  ■'•o  current 

knowledge  arc  outlined. 
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Abstract:  Current  knovledge  of  the  physical  effects  of  underwater  explosions  on 
the  envlronnent  Is  susBoarized,  with  particular  attention  to  the  heating  of  water, 
the  mixing  of  explosion  products  with  water,  and  cratering#  Theory  and  data 
indicate  that  thermal  effects  on  the  environment  are  negligible  because  rapid 
turbulent  mixing  reduces  cmy  temperature  excess  to  a  negligible  amount  within 
minutes.  Virtually  no  data  are  available  on  the  mixing  of  explosion  products 
with  water  and  air#  However,  information  on  the  bubble  and  surface  phenomena  of 
underwater  e]Q>loslon8  has  been  utilized  to  provide  qualitative  guidance  concerning 
the  distributions  immediately  after  a  test.  Existing  theories  of  turbulent 
diffusion  can  be  applied  to  calciilate  the  subsequent  history  of  the  products. 
Knowledge  of  the  physical  effects  of  bottom  explosions  on  the  environment  Is 
limited  to  crater  meMurements  in  shallow  water  cmd  some  data  on  the  behavior 
of  explosion  bubbles  in  deep  water#  Suggested  programs  to  fill  gaps  in  current 
knowledge  are  outlined. 
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o."  the  i'eseai'ch  011  the  phenomenn  of  underwater  explosions  has  been  directed 
toward  the  inanediate  close-in  effects,  with  relatively  limited  attention  given 
to  the  changes  that  mi^t  occur  in  the  environment  over  a  long  time-scale  or 
at  some  distance  from  the  actual  point  of  explosion.  In  most  cases,  data  or 
infonnatioi'.  that  might  be  relevant  to  environmental  Influences  has  appeared  In 
classified  reports  or  in  publications  with  other  primary  objectives.  This  report 
has  been  written  to  consolidate  such  material  and  to  incorporate  other  data 
acquired  at  the  Naval  Ordnance  laboratory  during  a  period  of  over  twenty  years 
of  underwater  explosion  research.  For  current  purposes,  it  should  be  treated 
as  an  interim  report  to  be  used  for  guidance  until  more  definitive  studies  have 
been  conducted. 
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I  INTRODUCTION 


The  physical  jiienoinena  of  underwater  explosions  have  been  investigated 
extensively  for  military  purposes  and,  to  a  lesser  degree,  for  a  number  of  scien¬ 
tific  or  industrial  applications,  ouch  as  seismic  surveying.  In  the  military 
studies,  the  resetirch  effort  has  been  directed  mainly  toward  the  damaging  effects 
that  occ\ir  for  a  brief  interval  of  time  within  a  relatively  short  distance  of  a 
conventional  or  nuclear  explosion.  On  the  other  hand,  a  geophysical  prospector 
is  not  concerned  with  close-in  effects,  but  he  uses  an  underwater  explosion  as  a 
source  of  a  shock  wave.  This  wave  soon  acquires  acoustic  properties,  and  a  complex 
signal  is  recorded  at  a  distance,  resulting  from  wave  propagation  through  the  water 
and  through  various  layers  of  bottom  material. 

Very  little  attention  has  been  given  to  the  effects  of  conventional  explosions 
on  the  environment,  except  for  studies  of  the  number  of  fish  killed  (e.g..  Tiller 
and  Coker,  1955 K  Although  there  is  no  doubt  that  fish  in  the  vicinity  of  an 
explosion  can  be  stxinned  or  killed,  the  number  obviously  depends  on  the  location 
and  the  season,  and  this  can  be  reduced  by  careful  scheduling  of  experiments  and 
by  checking  the  vicinity  for  fish  with  an  echo  sounder  Just  prior  to  firing  a 
charge.  If  fish  are  nearby,  it  mi^t  be  possible  to  lure  them  away  with  an 
acoustic  signal  (Manlwa,  1970). 

This  report,  however,  is  not  concerned  with  biological  aspects,  but  with  the 
physical  effects  of  vinderwater  explosions  that  mi^t  have  seme  Influence  on  the 
undersea  environment.  Particular  attention  will  be  given  to  the  heating  of  water 
by  an  explosion,  the  mixing  of  explosion  products  with  water,  and  cratering  by 
explosions  on  or  near  the  seabed.  Information  of  this  type  might  prove  useful  for 
the  evaluation  of  possible  biological  effects  over  a  longer  time-scale  than  that 
involved  in  the  immediate  killing  of  fish.  It  is  not  clear  at  this  stage  if  these 
long-period  effects  wotild  be  harmful,  beneficial,  or  entirely  negligible. 

II  SHOCK  WAVE  HEATING  OF  THE  ENVIRONMENT 

In  order  to  evaluate  the  physical  effects  of  explosions  on  the  environment, 
it  is  helpful  to  separate  the  phenomena  into  those  related  to  the  shook  wave  an. I 
those  related  to  the  explosion  products.  These  phenomena  have  been  describe!  by 
Cole  (19W).  His  publication  includes  siinilitude  equations  and  other  relationships 
useful  for  evaluating  the  physical  effects  of  oon'/entional  explosives  such  as  Tin*. 

For  example.  Figure  (l)  shows  the  peak  shock  wave  pressure  vs  distance  curves 
for  125-pound  Pentolite  and  TNT  explosion.s  in  water.  These  compositions  are  presented 
because  they  are  frequently  used  and  because  the  data  are  in  the  opt:n  literature. 

It  will  be  noted  that  the  pressure  drops  off  rapidly  with  distance  in  the  vicinity 
of  the  charge  and  that  a  power  law  relationship  exists  beyond  a  distance  of  about 
eight  feet.  The  distance  at  >4iich  a  given  peak  pressure  is  found  is  proportional 
to  the  cube  root  of  the  charge  weight;  for  example,  the  distance  scale  of  Figure  (I) 
would  be  doubled  if  calculations  were  made  for  LOOO-pound  charges.  Ultimately, 
the  energy  in  the  shock  wave  is  degraded  into  heat,  and  the  transformation  should 
regult  in  an  increase  in  the  temperature  of  the  \«ter  (Cole,  I9W).  However,  in 
terms  of  military  and  environmental  effects,  this  is  doubtless  negligible  at  large 
distances  from  an  explosion. 


1 


PEAK  PRESSURE  (KB) 


NOLTR  71-120 


DISTANCE  (FT) 


FIG.  1  PEAK  SHOCK  WAVE  PRESSURE  VS  DISTANCE  FOR  125-LB  PENTOLITE  AND 
TNT  UNDERWATER  EXPLOSIONS 
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On  the  other  hand,  the  dissipation  cf  shock  wave  energy  close  to  eu^i  explosion 
is  rapid,  and  it  resvilts  in  the  loss,  or  "wastage"  of  possibly  25^  of  the  total 
explosion  energy  within  25  charge  radii  of  a  TNT  burst  (Cole,  19U3).  This  results 
in  significant  irreversible  heating  of  the  water  in  the  vicinity  of  the  charge. 
Figure  (2)  shows  the  net  temperature  increase  in  water  after  the  passage  of  an 
intense  shock  wave.  The  values  shown  in  the  figure  were  taken  from  calculations 
by  Penney  (l9^0),  euid  Walker  and  Sternberg  (1965)#  and  from  a  classified  publication 
by  Snay,  Butler,  and  Gleyzal. 

Figure  (3)  shows  the  net  temperature  rise  vs  distance  from  125-pound  TNT  and 
Pentolite  explosions,  obtained  by  combining  the  infonnation  given  in  Figures  (l) 
and  (2).  It  is  clear  that,  after  the  shock  wave  has  gone  by,  the  products  of  an 
explosion  are  siarrounded  by  a  volume  of  heated  water.  In  seme  cases,  a  thin  shell 
of  steam  will  be  formed  at  the  interface  of  the  explosive  charge  as  a 
result  of  shock  wave  heating  combined  with  the  effect  of  heat  conduction  and 
radiation  from  the  explosion  (see  Section  IV ).  However,  the  latter  effects  are 
negligible,  smd  shock  wave  theory  adequately  accounts  for  the  heating  and  possible 
vaporization  of  the  water  (Arons  and  Yennie,  1948). 

Figure  (4)  gives  the  volume  of  water  heated  as  a  function  of  charge  weight  for 
net  teraperatiire  changes  of  at  least  10  C,  1  C,  and  0.1  C.  This  volume  is  directly 
proportional  to  the  charge  weig^it  for  a  given  explosive. 

At  peak  pressures  less  than  one  kilobar,  the  shock  wave  behavior  resembles  that 
of  an  acoustic  wave,  and  the  passage  of  the  wave  results  in  thermodynamically 
reversible  changes,  except  for  very  minor  losses  of  energy  resulting  from  viscositj . 

Ill  BUBBLE  AND  SURFACE  PHENOMEl 

Although  the  shock  wave  heating  of  water  can  be  calculated  from  theory,  the 
subsequent  history  of  the  heated  volume  cannot  be  determined  on  the  basis  of  theory 
alone.  Immediately  ^following  an  explosion,  the  products  exist  in  the  form  of  a 
plasma  at  a  high  temperature  and  pressure.  Ilie  products  expand  at  an  extremely 
rapid  rate,  and,  when  the  radius  of  the  spherical  "bubble"  is  equal  to  two  to  three 
charge  radii,  the  mixture  reaches  an  equilibrium  composition  and  starts  to  behave 
nice  an  ideal  gas.  The  bubble  continues  to  grow  and  it  achieves  a  relatively  large 
volume,  at  which  time  the  contents  reach  a  low  temperature  and  n  pressure  less  than 
the  hydrostatic  i)resBure  of  the  environment. 

The  water  heated  by  the  shock  wave  is  pushed  out  by  the  expanding  gases,  and 
the  thickness  of  the  warm  layer  should  decrease  until  the  maximum  bubble  radius 
is  reached.  When  the  bubble  then  collapses  to  a  minimum  size,  the  thickness  of 
the  heated  layer  should  Increase;  however,  processes  occur  at  this  stage  that  can 
lead  to  turbulent  mixing  of  the  bubble  contents  with  the  surrounding  water. 

The  first  of  these  is  termed  Taylor  Instability.  The  importance  of  this  in 
explosion  phenomena  was  first  pointed  out  by  Taylor  and  Davies  (1943)/  'who  stated 
that  the  surface  of  a  bubble  should  be  smooth  and  stable  during  the  first  expansion 
and  the  early  part  of  the  first  contraction,  but  should  become  unstable  when  the 
gas  pressure  rises  and  the  Inward  radial  motion  of  the  water  is  decelerated.  This 
results  in  the  formation  of  small  Jets  of  water  >^lch  are  injected  into  the  bubble 
at  the  time  of  collapse.  The  Jets  doubtless  break  into  a  spray,  which  evaporates 
and  cools  the  contents  of  the  bubble,  resvilting  in  a  change  in  composition  and  a 
loss  of  bubble  energy. 
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FIG.  2  NET  TEMPERATURE  INCREASE  DURING  SHOCK  WAVE  PASSAGE 
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FIG.  3  NET  TEMPERATURE  INCREASE  VS  DISTANCE  FOR  125-LB 
PENTOLITE  AND  TNT  EXPLOSIONS 
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FIG.  4  VOLUME  HEATED  BY  THE  SHOCK  WAVE  FROM  PENTOLITE  AND  TNT  EXPLOSIONS 
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A  second  process  that  can  lead  to  turbulent  mixing  is  the  larger  scale  Jettln£ 
that  occurs  ^en  an  e:Q)losion  bubble  migrates  tovard  the  surface. 

In  this  case,  as  the  bubble  collapses  to  a  minimum  size,  the  bottom  of  th^' 
bubble  moves  Inuard  faster  than  the  sides  or  top,  emd  the  bottom  rises  in  the  for:, 
of  a  turbulent  Jet  that  may  strike  the  top  amd  penetrate  the  vater  above  the  bubble . 
Mixing  can  occur  along  the  boundary  of  the  Jet,  and  the  impact  of  the  Jet  on  the 
bubble  interface  probably  generates  a  cavity  and  causes  the  ejection  of  a  certain 
amount  of  spray  into  the  bubble.  Figure  (5)  is  a  sketch  of  this  process,  based  on 
photographs  of  small-scale  e}gperimental  studies  in  tanks. 

The  first  collapse  of  an  explosion  bubble  is  the  most  energetic,  emd  it 
probably  results  in  the  greatest  mixing  of  bubble  contents  with  the  environment. 
During  the  subsequent  migration  of  a  bubble,  the  pulsations  gradually  become  weaker . 
and  the  bubble  develops  sui  internal  clrcvdatlon.  It  resembles  a  spherical  vortex 
at  'c'.ils  stSLge.  Ebrentually,  the  circulation  stops,  and  the  bubble  acquires  a 
hemispherical  shape*.  It  gradually  erodes  at  the  rear  while  the  leading  edge 
remains  smooth.  Explosion  products  are  probably  deposited  in  the  turbulent  wake  of 
the  bubble  until  it  disintegrates  into  a  cloud  of  tiny  bubbles.  In  some  cases, 
relatively  large  bubbles  move  out  of  the  cloud  and  reach  the  surface  first.  In 
the  deepest  shots  on  record,  the  vortex  becomes  unstable  and  breaks  up  into  a 
cloud  of  bubbles  after  migrating  a  relatively  short  distance.  Some  of  these 
effects  are  shown  in  the  photographs  in  Figures  (6)  and  (7)«  It  should  be  stressec, 
however,  that  the  sub -surface  phenomena  are  strongly  dependent  on  e>^rlmental 
conditions  and  that  the  nature  of  this  dependency  has  not  been  established  at  the 
present  time,  especially  for  depths  greater  than  about  25  times  the  maximum  bubble 
radius. 


A  good  understanding  of  the  dynamics  of  individual  air  and  gas  bubbles  has 
been  acquired  by  investigators  ir  the  field  of  fluid  mechanics.  This  knowledge 
-'ould  be  applied  to  explosion  bubbles  after  they  stop  oscillating  and  reach  a 
passive  state.  An  early  effort  along  these  lines  was  made  by  Taylor  and  Davies 
(l9****),  who  developed  a  theory  for  the  rate  of  rise  of  relatively  large  air  bubble.-? 
and  used  this  to  calculate  the  vertical  velocity  of  a  non-pulsating  explosion 
bubble.  Tinj'  bubbles  (radius  <  0.1  cm)  bdiave  like  solid  spheres  and  rise  at  a 
.'•lower  rate.  A  good  summarj'  of  the  behavior  of  passive  bubbles,  with  some  discus¬ 
sion  of  pulsating  explosion  bubbles,  has  been  written  by  Lane  and  Green  (1956). 


The  following  equations  can  be  utilized  for  calculating  the  time  and  length- 
'cales  of  bubble  phenomena  for  different  weights  of  TOT  and  Pentollte.  Equatijr.s 
■•r  this  type  are  basic  for  establishing  similitude  of  both  bubble  and  surface 
phenomena  for  different  explosives  and  for  modelling  in  special  facilities  ruch  as 
reduced-pressure  tanks  or  accelerated  tanks  (Snay,  19^^. 
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’Biis  transition  may  resxilt  from  the  breakup  of  the  vortex  euid  the  coalescence 
of  fragments  into  one  large  bubble. 
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GASES 

FIG.  5  BUBBLE  JETTING  BY  \  MIGRATING  EXPLOSION  BUBBLE 
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(3) 


idiere:  ■  MaxlMSB  radlxis  of  the  hUbble  during  its  first  pulsation,  ft, 

W  ■  Velg^it  of  explosive  (TMT  or  PentoUte),  lb, 

Z  ■  Hydrostatic  pressure  at  depth  of  explosion,  ft  of  uater 

(usually  *  33»  >toere  d^^  ■  depth  of  explosion  In  ft), 

■  Period  of  first  bubble  pulsation,  sec, 

Ad  ■  Distance  of  bubble  migration,  from  dj^  to  depth  of  bubble 
collapse  at  the  end  of  the  first  pulsation. 

The  first  effects  of  an  underwater  ejqploslon  visible  to  an  observer  above  the 
surface  are  the  phenomena  caused  by  the  arrival  of  the  direct  shock  wave  at  the 
alr-w.ter  Interface,  nie  shock  Is  reflected  as  a  tension  wave,  and  a  layer  of  water 
Is  spalled  off,  leaving  a  cavltated  region  below  it.  Jets  form  on  the  surface, 
and  the  Jets  rapidly  break  up  Into  spray  as  they  rise  In  the  air,  as  a  consequence 
of  the  same  Taylor  Instability  effect  that  occurs  within  an  explosion  bubble.  The 
spray  forms  a  whits  dome  with  a  low  bulk  density.  As  the  dome  and  other  shock 
or  pressure  wave  effects  at  the  s\u:face  are  not  considered  to  have  a  slgnlflcsmt 
inflxience  on  the  environment,  they  will  not  be  discussed  further.  A  more  complete 
description  will  be  found  in  Cole  (19^). 

For  current  purposes,  the  surface  phenome:^  that  result  from  the  arrival  of 
the  bubble  are  of  primary  significance  because  they  are  indicative  of  the  nature 
of  the  transport  and  dispersion  of  e:q>loslon  products.  Measiurements  of  these 
visible  effects,  combined  with  studies  of  small-scale  bubble  migration  In  tanks  and 
other  experiment  and  theoretical  results,  have  led  to  a  good  understanding  of 
the  relations  uetween  above-surface  and  below-surface  phenomena. 

The  foUowlog  definitions  have  been  employed  In  previous  descriptions  and  have 
proved  to  be  convenient  for  describing  and  Interpreting  explosion  effects: 

Smoke  Crown  -  The  roughly  spherical  turbulent  cloud  that  rises  above  the 

surface  following  a  very  shallow  explosion.  If  the  explosive 
Is  TNT,  for  example,  the  smoke  crown  is  black. 

ColxBui  -  The  hollow  cylindrical  or  conical  sheath  of  water  thrown 
upward  by  the  expanding  e^qtloslon  gases  after  a  shallow 
or  very  shallow  explosion. 

Plume  •  A  relatively  broad  Jet  or  spout  of  water  that  disintegrates 

Into  spray  as  It  travels  through  the  air.  A  plme  resembles 
the  stream  from  a  fire  hose,  and  always  has  a  dense  fluid  core. 
Pluaes  may  rise  vertically  or  may  move  outward  at  an  angle 
with  the  verticsd.  The  latter  are  termed  radial  plumes. 

Jet  -  The  central  plume  that  rises  vertically  above  the  column  on 

shallow  bursts. 

Base  Surge  -  A  toroidal  cloud  that  forms  when  the  column  and  plumes  collapse 
and  break  up  Into  spray.  The  base  surge  expands  radially 
along  the  surface  of  the  water. 
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Mound  -  In  this  case,  the  vater  surface  rises  Into  a  smooth  mound 

that  subsides  rapidly  and  spreads  out  laterally.  The  mound 
may  be  roughly  hemispherical  or  dome  shaped.  Some  slight 
rou^^ess  may  be  observed,  but  no  plume  formation  occurs. 

Upvelllng  -  A  rlsl^ig  current  of  water  that  contains  explosion  products 
suid  spreads  out  laterally  at  the  surface.  Radial  ej^anslcn 
cem  be  clearly  seen.  No  elevation  or  depression  of  the 
surface  occurs. 

Dlffxislon  -  Explosion  debris  becomes  visible  at  the  surface,  but  appears 
gradually  and  does  not  spread  o\it.  No  vater  circulation  is 
visible.  The  debris  or  tracer  may  be  beneath  the  surface 
but  close  enough  to  be  visible. 

It  Is  useful  to  categorize  explosion  depths  In  relation  to  the  first  maximum 
bubble  radivts  (Equation  l),  or  In  relation  to  the  distance  traversed  by  the  bubble 
\tien  It  migrates.  A  shallow  explosion  Is  one  at  a  depth,  d^^,  less  than  A^, 

^lle  explosions  at  greater  depths  are  considered  to  be  deep.  If  an  explosion  Is 
deep  enou^  to  permit  the  bubble  to  oscillate  three  or  more  times  before  readying 
the  surface,  It  is  termed  "very  deep ".  If  no  visible  effects  appear  at  the 
surface,  the  explosion  Is  said  to  be  contained. 

This  system  Is  less  satisfactory  for  explosions  near  the  surface,  because 
the  phenomena  diange  drastically  with  small  changes  In  depth;  however,  for  the 
purposes  of  this  report,  an  explosion  at  a  depth  less  than  0.;20  A.  will  be 
considered  to  be  very  sallow. 

As  the  most  complete  set  of  surface  phenomena  data  available  is  for  300-pound 
charges  of  Pentollte  eind  TNT,  these  will  be  described  quantitatively.  Subsequently, 
methods  of  converting  these  data  to  other  charge  weights  or  depths  will  be  presented. 
When  a  300-pound  explosion  occurs  at  a  depth  of  two  feet  (d^  >  0.06  ^  black 

smoke  crown  is  one  of  the  dominant  feitxures  at  early  times.  The  crown  attains 
a  width  of  about  150  feet.  It  forms  above  an  almost  perfectly  cylindrical  white 
column  that  readies  a  maximum  diameter  of  about  U5  feet  and  a  helc^t  of  about  60 
feet.  A  central  Jet  emerges  above  the  smoke  crown  and  rises  to  a  height  of  possibly 
^50  feet  (ten  times  the  column  diameter).  It  seems  to  carry  a  considerable  amount 
of  the  smoke  along  as  It  rises.  The  maximum  height  Is  attained  within  five  seconds, 
and  the  water  and  smoke  then  settle  back.  The  finer  particles  and  droplets  may 
be  carried  several  hundred  feet  downwind. 

At  a  depth  of  10  feet  (Figure  8),  a  300-pound  explosion  produces  a  roughly 
cylindrical  column  of  spray,  which  reaches  a  height  of  about  UOO  feet  and  attains 
a  diameter  of  about  150  feet  prior  to  its  collapse.  The  colimin  contains  a  central 
liquid  Jet  that  Is  visible  at  the  top  at  early  times  and  Is  more  clearly  seen  when 
the  column  begins  to  collapse.  At  about  1.1  seconds  after  the  burst,  a  group  of 
low  radial  pluses  emerges  from  the  base  of  the  column.  These  plumes  are  clearly 
defined  by  1.5  seconds.  With  increasing  depth  of  explosion,  the  vertical  column 
shrinks  In  size,  but  the  central  Liquid  Jet  becomes  well-defined  and  rises  above 
the  column.  However,  the  overall  Jet  hei^t  decreases.  'Rie  radial  pluses  that 
emerge  from  the  base  become  larger  with  Increasing  depth,  although  the  time  of 
origin  remains  aboxzt  the  same,  at  an  explosion  depth  of  19  feet,  the  central 
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column  and  Jet  axe  rapidly  overtaken  by  the  radial  plumes,  uhlch  appear  at  ab'Cut 
one  second,  and  by  two  seconds  after  the  explosion  only  a  large  hemispherical  mass 
of  radial  plumes  is  visible,  'nils  trend  continues  to  an  explosion  depth  of  at 
least  22  feet,  uhere  the  overall  height  becomes  only  about  l60  feet  and  radial  plumes 
predominate.  This  depth  Is  almost  exactly  equal  to  the  first  aw-vliinim  bubble  radius. 

On  these  shallow  bursts,  the  explosion  bubble  is  elongated,  and  its  top  rises 
above  the  surface.  This  appears  externally  as  a  cylindrical  column  of  water  covered 
by  spray,  and  at  an  early  stage  of  the  e^^ianslon  of  the  column,  a  strong  vortlced 
flow  of  water  develops.  This  flow  converges  at  the  top  of  the  colximn  and  forms  a 
narrow  vertical  Jet.  The  upper  centreJ.  Jet,  or  plume,  rises  to  relatively  great 
helots,  with  the  maximum  observed  uhen  the  depth  of  burst  is  between  one-third  and 
one-fourth  of  the  calculated  maximum  bubble  radius. 

At  a  depth  of  25  feet  (d.  »  1.15  A. ),  a  definite  change  occurs  in  the  surface 
phenomena  of  300-pound  explosions.  The '‘'spray  dome  remains  smooth  and  rounded  until 
a  veirtical  plume  appears  at  a  relative '*y  high  velocity  abovtt  1.10  seconds  after  the 
explosion.  Radial  plvuses  emerge  at  about  the  same  time  but  do  not  reach  as  great  a 
height  as  the  vertical  plume,  which  may  rise  to  almost  300  feet.  At  a  30- foot 
depth,  the  plumes  are  predominantly  vertical.,  but  the  totail  height  is  reduced 
3ome>diat.  The  height  derreaces  steadily  with  increasing  depth  and  possible 
reaches  a  minimum  of  about  190  feet  at  a  firing  depth  of  U5  feet  (Figure  \toere 
the  plumes  are  mostly  radial  (dj^  ■  2.27  A^^), 

The  trend  then  reverses  and  the  plumes  formed  by  a  300-po\ind  eiqploslon  at  a 
depth  of  53  feet  resemble  closely  the  plumes  that  appeeir  following  a  25'foot 
depth  shot,  except  for  a  later  time  of  appearance  and  a  reduced  maximum  height. 

The  tall  vertical  plumes  from  300 -pound  explosions  at  depths  of  25  and  55  f««t  have 

been  attributed  to  the  emergence  of  the  large  Jets  that  form  as  a 

migrating  explosion  bubble  collapses  to  a  minimum  size.  If  the  position  of  the 
minimum  is  Just  beneath  the  surface,  the  rapidly-mo/ing  Jet  cam  easily  penetrate 
the  layer  of  water  above  the  bubble.  Calculations  of  bubble  migration  for  30O-pound 

TITT  charges,  based  on  charts  published  by  Snsy  and  Tipton  (I962),  show  that  the 

bubble  collapses  to  a  mlnumum  size  at  a  depth  of  seven  feet  \dien  the  burst  depth 
Is  ?5  feet,  and  that  the  second  collapse  of  the  bubble  occurs  at  a  depth  of  10 
feet,  ^en  the  depth  of  burst  is  55  feet. 

This  effect  is  shown  dlagramatically  in  Figure  (9)*  To  prepare  this  figure, 
it  was  assumed  that  the  bubble  Jet  originates  at  the  bottom  of  the  bubble  when  it 
reaches  a  inayiwnm  size  and  then  passes  through  the  position  of  the  bubble  minimum. 

Curves  can  be  drawn  through  these  points  to  represent  the  top  of  the  Jet  ^ile 
it  is  under  water.  These  curves  caui  be  connected  smoothly  with  the  plume  height 
measurements  made  in  air  as  functions  of  time  for  shots  at  depths  of  25  and  55  feet. 

If  the  gas  bubble  osclUates  three  or  more  times  before  reaching  the  surface, 
this  effect  does  not  occur,  smd  no  vertical  plume  development  is  observed, 
nevertheless,  sufficient  energy  remains  so  that  the  emerging  bubble  generates 
a  large  mass  of  radial  plumes,  as  shown  in  Figure  (lO).  At  a  depth  of  100  feet 
(d./A  -  6.06),  a  300-pound  explosion  results  in  the  arrival  of  a  roug^i  mound  that 

rlses^above  the  surface  a.nd  then  erupts  into  a  large  number  of  plumes.  With  increasing 
depth  of  burst,  the  bubble  arrives  at  the  sturface  in  a  more  passive  state,  and  it 
eventually  produces  a  smooth  hemispherical  mound.  Figure  (u)  riiove  the  formation 
of  3uch  a  mound  by  a  50-pound  Pentolite  explosion  at  a  depth  of  100  feet  (dj^/A^^  ■  8.85). 
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F!G .  9  BUBBLE  MIGRATION  AND  PLUME  RISE  FOR  DEEP  30C-LB  EXPLOSIONS 
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FIG.  10  MOUND  AND  PLUME  FORMATION  BY  VERY  DEEP  300-LB  EXPLOSIONS 


FIG.  11  MOUND  DEVELOPMENT  AFTER  A  VERY  DEEP  50-LB  EXPLOSION 
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When  8U1  explosion  produces  a  column  or  plumes,  these  spill  over  and  collapse 
at  the  surface.  While  the  plumes  are  travelling  through  the  air,  droplets  of  vater 
are  stripped  off  at  their  boundaries  by  turbulent  frlcticnal  processes.  This  leads 
to  the  formation  of  a  toroidal  aerosol  called  the  base  surge.  'Hie  surge  has  an 
initial  bulk  density  appreciably  higher  than  that  of  a  natural  cloud,  cuid  it  spreads 
out  radially.  However,  as  a  result  of  radial  expansion  and  the  rainout  of  large 
drops,  it  soon  begins  to  resemble  a  natural  cloud  in  behavior  and  appe8u*ance 
(Young,  1905).  In  the  case  of  300-pound  explosions,  the  base  surge  is  short-lived 
and  it  usually  evaporates  within  abort  20  seconds. 

In  all  cases  ^ere  plumes.  Bounding,  or  upwelllng  occur  at  the  surface,  a 
smooth  round  patch,  or  pool,  remains  after  the  other  phenomena  have  subsided  or 
have  been  carried  a\«y  by  the  wind.  Some  of  the  water  in  the  surface  pool  doubtless 
originates  from  the  collapsing  plumes,  while  the  remainder  is  caused  by  the 
continued  upwelllng  of  water  in  the  wake  of  the  rising  bubble.  When  the  ouly 
sturface  manifestation  is  an  upwelllng,  the  pool  is  probably  simpler  In  structxire. 

The  scaling  of  explosion  bubble  and  surface  phenomena  is  relatively  complex. 

This  was  discussed  in  somewhat  abbreviated  fora  by  Cole  (l9W),  stfid  a  more  thorough 
description  of  the  principles  euid  methods  of  scaling  of  all  underwater  explosion 
phenomena  was  published  by  Snay  in  I96L  For  current  purposes,  it  is  adequate, 
and  within  the  range  of  accuracy  of  the  data  and  the  requirements  of  the  problems 
under  consideration,  simply  to  reduce  the  i^enomenology  data  in  terms  of  geometric 
scaling  of  the  first  maximum  bubble  size  for  explosions  at  all  deprths.  This  has 
been  done  to  separate  the  different  types  of  observed  surface  phenomena  in 
Figure  (12). 

It  should  be  pointed  out  that  the  field  test  data  utilized  as  a  basis  for 
Figure  (12)  did  not  extend  to  the  depth  of  upwelllng.  There  Is  no  clear  evidence 
of  the  deptt  required  to  achieve  this  effect  for  large  free-water  shots.  However, 
photo^aphs  of  bubble  behavior  in  the  NOL  accelerated  tank  indicate  that  a  value 
of  d  /A,  of  about  25  is  reasonable  for  the  transition  from  mounding  to  upwelllng, 
and  fell  result  was  utilized  in  the  preparation  of  the  figure. 

Some  Indication  of  the  possible  containment  depth  for  a  conventional  explosion 
was  obtained  from  the  records  of  three  of  the  CHASE  shots.  These  were  part  of  a 
series  conducted  for  the  purpose  of  disposing  of  large  quantities  of  8\irplus  and 
obsolete  munitions.  In  the  three  shots  of  interest,  the  munitions  were  loaded  on 
cargo  vessels  which  were  armed  for  underwater  detonation  and  were  scuttled.  As 
the  explosives  were  of  various  compositions,  were  cased  In  different  types  of  mines 
and  bomba,  and  were  loaded  in  .'different  holds  of  the  shlpa,  it  is  difficult  to 
establish  an  effective  charge  veigiit  in  each  case,  though,  in  principle,  this  csm 
be  done  by  measuring  the  shock  wave  and  the  bubble  period.  In  practice,  experimental 
difficulties  were  encountered  in  every  case,  and  the  assigned  values  were  only 
rou^  estimates. 

The  behavior  of  the  bubble  from  an  explosion  of  this  type  Is  also  uncei^ln, 
as  the  diameter  of  the  bubble  at  its  first  maximum  would  be  comparable  to  the 
size  of  the  ship.  It  would  be  expected  that  the  bubble  would  be  distorted  and 
partially  broken  up  during  the  first  pulsation  by  the  presence  of  the  debris  from 
the  ship,  euid  that  the  upward  migration  ml^t  be  retarded.  Nevertheless,  the  CHASE 
events  are  the  largest  conventional  underwater  explosions  on  record  and,  as  such, 
have  some  value  for  present  purposes. 
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"nie  shots  of  interest  are  listed  in  Table  1,  with  the  best  estimates  of  the 
important  parameters  (shennEin  1971 ): 


TABI£ 

1 

CHASE  SHOT 

lATA 

Shot.  No. 

Wei^t 

Depth  of 

Maximum  Bubble 

d^/A^ 

Surface 

(TIW  Equivalent) 

Burst,  d- 
(ft)  ^ 

Radius,  A. 

(ft)  ^ 

Phenomena 

(tons) 

Mound- 

Ill 

700 

900 

Ikk 

6.25 

Plumes 

IV 

310 

895 

110 

8.14 

Mound 

V 

1000 

3750 

102 

36.8 

None 

As  the  phenomena  of  Shots  III  and  IV  were  consistent  with  those  of  free-water 
explosions  in  controlled  experiments  it  may  be  assvimed  that  Shot  V  also  bdiaved 
In  a  consistent  maimer.  The  situation  is  not  clear,  however,  as  the  explosion 
occurred  at  night.  A  flviorescent  dye  tracer  had  been  placed  in  the  scuttled  vessel, 
and  a  thorouf^h  search  was  conducted  for  a  sui'face  pool  by  means  of  infrared  scanning 
by  an  aircraft  and  a  fluorometric  survey  by  a  ship.  No  evidence  of  a  surface 
pool  was  found,  although  dye  was  dotecte’  beneath  the  surface.  ('Diese  results 
were  included  in  a  classified  report  by  Kaulum  and  Olson. ) 

In  view  of  the  circumr.temces,  and  the  expectation  that  an  unluqieded  free-water 
explosloi;  bubble  woulii  nrobnblj'  migrate  further  before  breaking  up,  it  seems 
reasonable  to  utilize  a  depth  of  maximum  bubble  radii  as  an  estimated  contain¬ 
ment  depth,  rather  than  the  CHASE  V  value  of  36.8. 

On  this  basis,  it  is  possible  to  predict  the  nature  of  the  surface  effects 
of  underwater  explosions,  thou^  not  the  dimensions  and  times  of  arrival.  The 
time,  however,  is  unimportant  in  regard  to  environmental  effects,  as  it  is  less 
than  one  minute  in  almost  all  cases  except  for  explosions  near  the  containment  depth. 
Information  concerning  the  dimensions  of  the  surface  phenoaena  of  shallow  and 
very  shallow  explosions  has  been  given  by  Milligan  and  Young  (195^)  Wid  by  Young 
(1965),  and  the  measurements  of  the  surface  phenomena  of  deep  and  very  deep  > 
explosions  were  summarized  in  a  classified  report  by  Young.  Figure  (l3)  presents 
plume  height  data  from  these  sources  in  reduced  dimensions.  As  the  flgwe  shows, 
plume  heights  are  not  very  reproducible,  but  the  dashed  curve  is  a  possible  upper 
limit  for  all  but  a  small  percentage  of  explosions. 

Plume  heights  and  surface  pool  radii  are  the  most  important  dimensions  for  the 
establishment  of  the  maximum  extent  of  explosion  products  at  eeorly  times.  Very 
few  measurements  of  surface  pools  have  been  made,  but  a  method  of  estimating  the 
maximum  extent  is  given  in  Section  V. 

To  predict  the  nature  of  the  surface  effects  governed  by  the  Initial  bubble 
geometry  for  TITT  and  Pentollte,  the  parameter  calculated  from  the 

depth  of  explosion  and  the  value  of  A  obtalned'*'frata  Equation  1.  If  another 
explosive  is  used,  the  radius  coefficient  in  Equation  1  may  differ.  In  general, 
the  coefficients  eure  larger  for  military  explosives,  and  almost  all  are  classified. 
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FIG.  13  PLUME  HEIGHT  DATA 
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In  the  case  of  shock  wave  effects,  a  different  approach  Is  needed.  For 
example,  the  peak  pressure  in  the  shock  wave  from  an  underwater  Pentolite  exploaloo 
is  slightly  higher  than  the  peak  pressure  from  a  TUT  explosion  of  the  same  weight 
(Figure  l).  It  may  be  stated  in  this  case  that  1.00  pound  of  Pentolite  is  the  equiv¬ 
alent  of  1.11  pound  of  TOT.  For  most  other  explosives,  a  classified  NOL  publication 
by  Holland  may  be  referred  to. 

IV  TRANSFER  OF  HEAT  FROM  THF  BUBBLE  TO  THE  ENVIROHMEOT 

When  an  explosion  takes  place,  the  temperature  of  the  products  may  be  initially 
of  the  order  of  3000  K  (Cole,  19U8;.  It  might  therefore  be  expected  that  heat 
would  be  transferred  to  ‘■.he  surrounding  medium  by  radiation  and  conduction. 

However,  a  few  order-of -magnitude  estimates  are  sufficient  to  demonstrate  that  these 
processes  can  be  neglected. 

For  example,  if  a  charge  radiates  in  the  manner  of  a  black  body  at  a  temperature 
of  3000  K,  the  heat  flux  density,  according  to  the  Stefan-Boltzmann  law,  is  110 
cal/cm^  sec.  A  sjherical  one-iJound  chairge  of  a  conventional  explosive,  such  as 
TOT,  has  a  surfaci  area  of  about  210  cm^.  The  radiated  energy  flux  is  therefore 
23,000  cal/sec.  Howe'/er,  as  the  hi^  temperature  persists  for  only  about  one 
millisecond,  the  energy  radiated  at  this  rate  is  about  23  cal.  Subsequent  radiation 
is  less  and  is  dotibtless  negligible. 

Although  sea  water  is  relatively  transparent  to  visible  li^t,  the  extinction 
f.f'-rflclents  for  Infrared  radiation  in  water  eu:e  high*  Per  example,  at  a  wave 
length  of  1.3  microns,  99*5  percent  of  the  radiation  is  abaoroeu  in  a  layer  5*3  cm 
thick,  and,  at  a  wave  length  of  l.U  microns,  the  same  percentage  absorption  occurs 
in  a  layer  0.53  cm  thick  (Dietrich,  1957).  Consequently,  any  heating  by  radiation 
wo\ild  be  confined  to  a  very  -thin  layer. 

In  the  case  of  heat  conduction,  which  would  be  a  molecular  process  in  this 
situation,  a  similar  conclusion  may  be  reached.  'Rie  thermal  conductivity  of  sea 
water  was  reported  by  Nuklyama  and  Yoshlzawa  (193*+)  to  be  0.00135  cal/cm  sec  C 
at  a  temperature  of  10  C.  If  phase  changes  are  neglected  and  the  assumption  Is 
made  chat  a  temperature  gradient  as  great  as  1000  C/cm  exists  in  a  thermal  boundary 
layer  adjacent  to  a  one-pound  TOT  charge,  the  heat  flux  is  calculated  to  be  only 
about  200  cal/sec.  This  lasts  for  a  period  of  about  one  millisecond. 

It  seems  evident,  then,  that  shock  wave  heating  would  be  the  only  process  of 
significance  adjacent  to  the  charge.  This  process  would  be  brief  In  relation  to 
the  time  scale  of  bubble  phenomena,  but  the  heated  layer  should  remain  in  position 
through  most  of  the  first  bubble  pulsation. 

When  the  bubble  grows  in  size,  its  temperature  drops  rapidly  as  a  result 
of  adiabatic  expansion,  and  the  strength  and  direction  of  the  tenperatiure 
gradients  at  the  bubble  Interface  should  change  accordingly.  When  a  bubble  is 
fully  expanded,  the  Internal  temperature  might  be  less  than  the  water  temperature, 
^*llch  would  lead  to  a  flow  of  heat  into  the  bubble.  At  the  sane  time,  the  bubble 
pressure  is  below  the  hydrostatic  pressure  of  the  environment,  and  evaporation 
could  occur  at  the  bubble  wall  because  of  the  vapor  pressxire  excess  in  the  water. 

If  evaporation  takes  place,  a  certain  amount  of  Latent  heat  will  be  transferred 
to  the  bubble  in  the  process,  though,  since  the  flux  of  heat  and  vapor  into  the 
bubble  are  molecular  processes,  it  appears  certain  that  this  effect  can  be  neglected 
because  of  the  short  time  available. 
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On  the  other  band,  if  the  presaure  within  the  bubble  drops  below  one 
atmosphere,  the  water  at  the  Interface  will  boil  at  a  temperature  less  thsm 
100  C.  Flg^e  (l4)  shows  the  calculated  values  of  the  pressure  (P  .  )  in  fully 
ejqmuided  TOT  and  Pentollte  bubbles  as  a  function  of  the  hydrostatl^^Jressure  at 
the  depth  of  burst,  auad  also  shows  the  temperature  of  boiling  at  these  pressures. 
Fbr  these  explosives,  the  pressure  in  the  bubble  drops  to  one  atmosphere  ^en  an 
ejqplosion  occurs  at  a  depth  of  about  330  feet  and  to  less  than  one  atmosphere  at 
shallower  depths. 

As  a  consequence  of  the  variation  of  P  with  explosion  depth,  the  amount 
of  steam  formed  at  the  bubble  Interface  wlli^e  a  function  of  depth.  In  addition, 
more  steeun  would  be  expected  from  Pentollte  than  from  TOT,  because  of  the  greater 
shock  wave  heating  by  the  former.  However,  the  layer  of  wat<ir  hot  enou^  to 
boll  is  very  thin  \tiea  the  bubble  is  fully  expanded,  and  it  is  doubtful  that  the 
effect  has  slgnlficuice. 

Interfacial  boiling  has  been  observed  in  laboratory- scale  model  tests 
i4ien  the  air  pressure  in  a  tank  was  reduced  to  less  than  one-tenth  of  an  atmosphere 
and  the  ambient  water  temperature  was  relatively  high  (Taylor  and  Davies,  19^3; 

Snay  I96I1).  The  rate  of  boiling  was  rapid  enough  to  affect  the  maximum  and 
minimum  bubble  radii,  and  it  was  clear  that  the  vaporized  water  did  not  all 
recondense  when  the  bubble  collapsed .  Consequently,  there  was  a  net  increase  in 
the  mass  of  the  bubble  (Snay  I96U).  This  phenomenon  differed  from  shock  wave 
heating,  however,  as  all  the  surrounding  water  was  at  a  high  temperature,  and  not 
Just  the  water  in  a  thin  shell. 

Perhaps  the  best  evidence  that  the  transfer  of  heat  between  an  explosion 
bubble  and  its  environment  is  negligible  prior  to  the  bubble  collapse  is  the  fact 
that  theories  based  on  the  assumption  of  adiabatic  behavior  cf  the  bubble  gases  have 
given  accurate  results  when  used  for  the  calculation  of  bubble  phenomena. 

The  experimental  data  available  on  the  temperature  cheuiges  produced  in  water 
by  underwater  explosions  were  sximmarlzed  in  a  classified  report  by  Young  and 
Scott.  Virtually  all  of  these  data  were  acquired  on  experiments  conducted  with 
a  steam-generating  explosive  called  Llthanol,  which  was  developed  for  the  specific 
purpose  of  modelling  some  of  the  bubble  phenomena  of  underwater  nuclear  explosions 
(Murphy,  1963).  However,  in  the  first  Llthanol  series,  a  few  peirallel  tests 
were  conducted  with  Pentollte,  and  the  effects  of  the  gas  and  steam  bubbles  were 
compared. 

When  very  deep  Llthanol  explosion  tests  were  conducted  at  a  depth  equal  to 
elg^t  bubble  radii  or  more,  the  surface  phenomena  were  smaller  in  size  than  on 
comparable  Pentollte  tests,  because  the  steam  in  the  Llthanol  bubbles  had  condensed 
^lle  the  bubbles  were  migrating  toward  the  surface.  Because  of  the  condensation 
of  steam,  which  takes  place  mainly  at  the  times  of  bubble  collapse,  the  Llthanol 
bubbles  lose  energy  more  rapidly  than  explosion  bubbles  containing  permanent  gases. 
Consequently,  the  products  mix  store  rapidly  with  the  surrounding  water,  smd  beating 
of  the  water  by  the  mixing  process  is  relatively  fast.  It  wo\ild  therefore  be 
expected  that  a  Llthanol  bubble  would  transfer  Its  heat  to  the  environment  more 
rapidly  thaua  a  gas  bubble  of  the  same  size  from  a  conventional  explosion  at  the 
same  depth. 

To  monitor  the  temperature  changes  produced  by  the  upwelling  of  water 
from  the  explosions,  glass-bulb  thermistors  were  mounted  on  floats  in  the 
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vicinity  of  surface  zero.  In  most  cases,  these  were  at  a  depth  of  one  foot,  but 
on  a  few  tests,  the  thermistors  were  at  depths  extending  to  30  feet.  In  general, 

the  gages  were  not  placed  closer  than  15W^^^  feet  to  an  explosion,  because  of  the 
possibility  of  damage  by  the  shock  vave.  Records  were  obtained  by  this  means 
from  U3  Llthanol  tests.  In  addition,  temperature  data  were  obtained  by  traversing 
the  surface  pool  In  a  boat  with  a  thermistor  held  one  foot  beneath  the  surface. 

This  procedure  was  followed  on  U3  tests. 

In  genersd,  the  maxlmxai  difference  between  the  ambient  water  temperature  and 
the  temi)erature  in  the  water  upwelling  from  the  explosion  was  snmll.  The  overall 
average  of  maximum  temperature  changes  from  free-vatcr  Llthanol  explosions  was 
0.42  C  (based  on  I09  observations),  and  the  largest  change  recorded  was  1.8a  C. 
These  cheuiges  were  both  positive  and  negative.  In  almost  e'.’ery  case,  temperature 
stratification  was  present  in  the  water.  This  -.^as  most  nronounced  during  a 
series  conducted  in  the  Chesapeake  Bay  d\irir.C  the  cuaijcr  luoiiths  %*ien  the  svirface 
layer  was  often  3«0  C  vaiiner  then  the  bottom  ’nyer.  It  was  found  that  the  temp- 
eratvure  changes  at  the  surface  were  closely  correlated  with  t’h*'  ambient  temperature' 
profile,  l.e.,  if  an  explosion  occurred  in  a  cool  stratum  of  water,  a  relatively 
cool  upwelling  followed  at  the  surface.  It  was  concluded,  on  this  basis,  that 
any  heating  of  the  water  by  the  explosions  was  of  a  smaller  magnitude  than  the 
natural  temperature  effects,  amd  coui:’^  at  most,  be  of  the  order  of  a  few  tenths  of 
a  degree  C. 

‘n>i8  result  was  verified  by  firing  shots  in  isothermal  water.  Two  Lithemol 
tests  were  conducted  in  the  Patuxent  River  during  19^5  at  a  depth  slightly 
greater  than  one  bubble  radivis.  As  the  bubbles  collapsed  Just  beneath  the  surface, 
it  was  expected  that  any  heating  by  the  explosion  would  be  confined  to  relatively 
shallow  surface  pools.  When  these  pools  were  traversed  by  a  boat  about  20  seconds 
later,  the  greatest  observed  rise  in  temperature  was  0.07  0. 

In  addition,  data  were  obtained  from  three  very  deep  explosions  in  isothermal 
water  near  ftinama  City,  Florida  in  I969.  These  showed  definite  evidence  of  beating, 
bvxt  the  maximum  change  recorded  was  only  0.37  C. 

'n\e  general  conclusion  reached  as  a  result  of  the  Llthanol  tests  was  that 
the  heat  produced  by  the  explosions  was  dissipated  rapidly  by  turbvilent  mixing 
and  that  the  temperature  changes  resulting  fron  this  process  were  only  a  few 
tenths  of  a  degree  C.  Greater  changes  were  obsezired  >dien  the  rising  mixture  of 
water  and  explosion  products  entrained  sub-surface  water  and  csirried  it  to  the 
surface. 

As  a  gas  bubble  mixes  with  the  environmental  water  at  a  slower  rate,  even 
less  heating  would  be  expected.  Temperatures  were  recorded  on  only  two  15-pound 
Pentollte  tests,  which  is  clearly  insufficient  to  check  this  point.  The  data 
are  presented  in  Figures  (15)  and  (16),  together  with  the  temperature -depth 
profile  of  the  environment.  The  shots  were  both  at  a  70-foot  depth,  but  907 
(Figure  15)  ’«<as  in  free  water  and  9OI  (Figure  I6)  was  on  the  bottom.  On  Shot 
907,  a  maximum  temperature  increase  of  0.17  C  was  recorded  at  the  surface,  while, 
on  Shot  901,  a  temperature  decrease  of  0.31  C  was  recorded.  In  the  case  of  Shot 
907,  the  water  temperature  was  0.8  C  higher  at  the  depth  of  the  explosion  than  at 
the  surface,  and,  on  bnot  901,  the  water  temperature  was  2.3  C  colder  at  the  bottom 
than  at  the  surface. 
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FIG.  16  TEMPERATURE  CHANGES  PRODUCED  BY  A  PENTOLITE  EXPLOSION  ON  THE  BOTTOM 
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The  Pentollte  data  are  consistent  with  the  Llthanol  measvirements.  In  that 
there  is  no  evidence  of  appreciable  heating  of  the  water  by  the  e^losions.  If 
significant  heating  did  occur,  i.e.,  in  the  vicinity  of  the  explosions,  turbulent 
mixing  of  the  heated  and  ambient  water  reduced  the  temperature  contrast  to  a 
negligible  level  within  a  few  seconds.  On  both  shots,  the  surface  temperature 
retvurned  to  the  ambient  value  in  less  them  one  minute. 

Although  the  pertinent  data  axe  limited,  these  results,  combined  with  a 
general  understemdlng  of  the  behavior  of  explosion  bubbles,  indicate  that  the 
net  heating  of  water  by  explosions  is  so  brief  and  so  limited  in  magnitude  that 
it  can  be  completely  igziored  in  regard  to  effects  on  the  environnent. 

V  MIXING  OF  EXPLOSION  PRODUCTS  WITH  WATER 

A  considerable  amount  of  knowledge  has  been  acquired  concerning  the  chemistry 
of  e<plo8lveo  and  the  shock  wave  and  bubble  phenomena  of  underwater  explosions, 
but  only  limited  attention  has  been  given  to  the  dispersion  of  the  explosion 
products  after  the  detonation  takes  place.  Tlie  ultimate  disposition,  of  course, 
lepcnJn  on  Whether  the  product  is  gaseous  or  a  solid,  and  whether  it  is  readily 
r.oluble  in  water  or  remains  in  a  particulate  form. 

As  there  is  an  extensive  literature  on  explosion  chemistry,  this  subject  will 
:uTt  be  discussed  in  detail  here.  As  pointed  out  by  Cole  (1948),  Christian  and 
Snay  (lOSl),  Price  (l959),  and  Zeldovich  and  Kompaneets  (i960),  the  most  widely 
used  explosives  consist  of  compounds  of  carbon,  hydrogen,  oxygen,  and  nitrogen 
(TrfT  and  Pentollte  are  examples  of  these).  The  basic  reaction  products  are 
N^,  H  O,  CO  ,  CO  and  H-.  In  the  case  of  TITT,  however,  eui  insiifficlency  of  oxygen 
eFisti,  and^free  carbon  is  formed.  Alurainvun  is  frequently  Incorporated  into 
explosives  (e.g.,  HBX-l),  resulting  in  the  formation  of  aluminum  oxide  particles. 
Explosives  such  as  TNT  and  HBX-l  can  be  handled  safely  in  large  quantities,  but 
Pentollte  is  generally  not  used  in  charges  weighing  more  than  300  pounds. 

Explosives  of  a  different  nature  are  used  in  very  small  quantities  as 
detonators,  generally  less  them  one  gram  In  vel^t.  ^lese  Include  compounds 
such  as  lead  azide  and  mercury  fulminate. 

Previous  experiments  related  to  the  deposition  of  explosion  products  In 
water  by  underwater  explosions  have  been  directed  toward  the  prediction  of  the 
history  of  the  radioactive  fission  products  of  underwater  nuclear  e]q>loslons. 
However,  as  these  tests  were  usually  conducted  with  chemical  e^^loslves,  some  of 
the  results  are  also  applicable  to  the  environmental  effects  of  current  interest. 
In  most  cases,  it  was  decided  beforehand  that  more  precise  data  could  be  obtained 
by  using  a  chemical  or  radioactive  tracer  in  the  charge  than  by  the  analysis 
of  water  samples  for  the  actual  explosion  products.  In  addition,  the  emphasis 
was  often  on  the  deposition  of  products,  or  tracer.  In  the  air,  with  less  attention 
given  to  the  percentage  remaining  in  the  water. 

An  early  effort  along  these  lines  was  the  Incorporation  of  about  1090  pounds 
of  lithium  chloride  and  about  i860  jKxinds  Of  cobalt  chloride  into  a  45-ton 
explosive  charge  of  TNT  (Young,  19^4).  As  this  was  a  very  shallow  explosion 
(di/Aj^  =  0.07),  a  hi^  percentage  of  explosion  debris  was  ejected  to  the  air. 

Much  of  this  dropped  back  as  liquid  fallout  with  entrained  explosion  products  and 
tracer.  Samples  of  the  fallout  and  base  surge  were  analyzed  chemically,  but  no 
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sampling  of  the  pool  wis  done.  Only  preliminary  results  vere  published,  and  the 
data  vere  never  interpreted.  However,  the  utility  of  the  technique  of  utilizing 
chemical  tracers  in  conventional  explosives  was  demonstrated. 

A  more  extensive  program  with  similar  objectives  was  the  HYIBA  IIA  series, 
consisting  of  thirteen  10,000-pound  HBX-1*  charges,  fired  In  deep  water  at  depths 
rsinglng  from  6.6  feet  to  lUO  feet.  Pidloactlve  tracers  and  dyes  vere  employed 
to  follow  the  history  of  the  explosion  products.  The  data  are  useful  for  the 
evaluation  of  environmental  effects,  and  pertinent  results  will  be  summarized  heire 
as  given  in  a  classified  report  by  Shlrasawa  and  Gurney. 

Wie  radioactive  tracers  used  on  Hfr^A  IIA  were  Lutetium-117  and  Xenon-133, 
the  first  In  a  particulate  form  and  the  second  a  gas.  Althou^  these  were  employed 
on  four  shots,  detailed  data  were  acquired  on  only  two.  Shot  12  was  fired  at  a 
depth  of  15«^  feet  ~  0.l8l)  with  the  Lutetlum  tracer  in  the  form  of  Lu^O^. 

As  the  test  was  in  the  very  shallow  range,  a  column,  smoke  crown,  and  base  surge  were 
formed,  and  a  large  surface  pool  remained  after  the  svurface  effects  had  subsided. 

ISie  pool  was  distorted  considerably  by  the  0.6  knot  current. 

It  was  found  that  the  Lutetlum  had  become  assoedLated  with  peurtlcles  of 
aluminum  oxide,  a  product  of  the  explosion.  These  particles  had  eui  average  diameter 
of  250  microns.  It  was  concluded  that  the  tracer  distribution  in  the  sea  was 
probably  determined  to  a  certain  extent  by  the  rate  of  settling  of  particles  and  not 
entirely  by  mixing  processes.  About  k2  percent  of  the  Lutetlum  was  found  in  the 
pool,  euid  it  seems  likely  that  a  sizable  portion  of  the  remainder  settled  to  the 
bottom. 

The  Xenon-133  tracer  was  used  on  Shot  13,  which  was  only  slightly  deepei , 
at  a  depth  of  17.0  feet  “  0.202).  The  column  and  crown  were  white,  although 

some  blackness  was  observed  In  the  previous  test.  However,  the  dimensions  of  the 
surface  phenomena  were  approximately  the  same.  In  this  case,  no  current  was 
observed  In  the  test  area,  and  the  pool  was  circular  in  shape.  Only  nine  percent  of 
the  gaseous  tracer  was  found  in  the  pool,  and  it  was  assumed  that  the  remainder 
had  escaped  into  the  atmosphere. 

After  two  hours,  the  pool  had  become  relatively  stable,  and  It  was  evidently 
expanding  as  a  result  of  turbulent  diffusion  alone.  At  this  time,  the  radius  was 
about  IU50  feet.  Vertical  soundings  vere  made  in  the  pool,  smd  these  showed 
considerable  variability,  but  at  late  times  the  depth  of  the  pool  averaged  about 
UO  feet.  On  this  basis,  a  volume  of  260  x  10°  cubic  feet  was  calculated. 

As  the  pool  was  distorted  on  Shot  12,  the  measureme  its  of  its  dimensions  are 
more  difficult  to  Interpret.  The  radial  growth,  after  the  initial  ten  minutes, 
was  more  rapid  than  on  Shot  13,  and  the  radius  was  possibly  2100  feet  after  two 
hours  had  elapsed.  The  depth  data  were  quite  variable,  but  indicated  a  possible 
value  of  20  feet  \iien  the  pool  had  stabilized.  These  values  imply  a  pool  volume 
of  260  X  10^  cxiblc  feet.  This  value  Is  not  as  reliable  as  the  estlma^  for  Shot 
12;  nevertheless.  It  Is  virtually  the  same,  and  cm  average  of  270  x  10°  cubic  feet 


*For  HBX-1,  the  bubble  radius  coefficient  Is  l4.U.  For  the  conversion  of 
bubble  effects,  1.48  pound  of  TNT  Is  the  equivalent  of  1.00  pound  of  HBX-1. 
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seems  to  be  a  reasonable  value  to  use.* 

The  tracer  measurements  indicated  that  the  tracers  vere  initially  distributed 
symmetrically  in  an  annular  ring,  which  filled  later  as  a  result  of  upvelling  suid 
mixing.  At  later  times,  the  distribution  within  the  pools  was  approximately 
uniform. 

The  maximum  radius  of  the  surface  pool  is  an  importsuit  quantity  for  the 
assessment  of  the  extent  of  effects  on  the  environment.  Unfortunately,  this  has 
been  measured  in  only  a  few  cases.  As  the  pool  usually  becomes  indistinguishable 
from  its  surroundings  >4iile  it  is  still  growing  rapidly,  it  Is  difficult  to 
estimate  the  maximum  extent  on  the  basis  of  photography  alone.  The  maximum  pool 
radii  reported  for  HYERA  IIA  Shots  12  and  13  were  based  mainly  on  measurements 
of  radioactivity  In  the  water,  although.  In  the  case  of  Shot  13,  the  maximum  value 
was  verified  by  e  transit  sighting  of  the  dyed  pool. 

Figure  (17)  presents  the  available  data  on  the  msoclmum  radii  of  surface  pools 
as  observed  visually  and  In  photographs.  The  data  exhibit  a  good  cube  root 
relationship,  although  the  vsdues  of  d./A.  for  these  shots  range  from  0.l8l  to 
2"^.-.  It  might  be  expected  that  the  maximum  pool  size  would  decrease  with  increasing 
depth  of  explosion  because  of  the  loss  of  energy  of  the  bubble  as  it  migrates  upwrd, 
anl  this  probably  occurs  to  some  degree.  However,  a  passive  bubble  does  not  slow 
down  continually,  but  reaches  a  terminal  velocity  proportional  to  the  square  root 
of  the  radius  (Taylor  and  Davies,  19l*^‘).  In  addition,  a  bubble  might  expand 
because  of  the  reduced  hydrostatic  pressure  as  it  approaches  the  surface  (e.g., 
lePlond,  19^'^),  leading  to  an  increase  in  velocity.  In  view  of  these  factors, 
and  the  scatter  of  the  raeasureraents,  it  seems  reasonable  to  use  the  relationship 
given  for  all  shots  to  a  depth  of  25  bubble  radii,  with  an  assvoiiad  error  of  at 
least  ^0  percent. 

Alth'iu^'h  the  cube  root  relation  shown  in  Figure  (17)  is  based  on  only  limited 
data,  it  is  Interesting  to  note  that  the  equation  gives  almost  exact  eigreement  with 
the  maxltr.'jiD  radius  (measured  photographically)  of  the  pool  formed  by  a  nuclear 
test  at  a  depth  slightly  in  excess  of  one  bubble  radius.  This  provides  good 
evidence  that  th<»  cube  root  relationship  is  realistic. 

The  lU 50- foot  radius  determined  for  HYTRA  IIA  Shot  13  Is  about  three  times 
as  large  as  that  given  by  the  equation  based  on  visual  or  photographic  techniques. 

The  larger  value  was  obtained  at  two  hours,  tdiile  the  measurements  obtained  fr<XB 
shots  of  the  same  weight  were  generally  obtained  between  30  and  UO  seconds  after 
zero  time.  In  the  absence  of  other  information,  it  may  be  assumed,  therefore, 
that  the  true  maximum  pool  radii  for  all  underwater  explosions  are  three  times 
as  large  as  those  observed  by  conventional  means.  Using  the  actual  value  for  Shot 
13,  and  a  TITT  conversion  factor  (10,000  lb  HBX-1  ■  1U,800  lb  THT);  this  resulta  In 
the  following  equation: 


*It  is  interesting  to  note  that  if  all  the  heat  of  the  explosl^  (^.8  x  10^ 
calories)  were  utilized  to  heat  this  volume  of  water  uniformly,  the  temperature  increase 
would  be  only  0.001  C,  \Aiich  is  clearly  negligible,  'nils  is  consistent  with  the 
conclusions  reached  in  Section  IV,  as  the  time  of  measurement  of  this  volume  was 
about  two  hours  after  the  time  of  explosion. 
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where:  =  radius  of  the  surface  pool  *en  the  energy  of  the  explosion 

has  been  dissipated,  ft. 


As  the  pool  volume  should  be  proportional  to  the  charge  weight,  the  average 
volume  of  Shots  12  and  13  can  be  used  to  formulate  the  following  equation  for 
TffP  explosions : 


=  13,000  W  ,  (5) 

where:  V  *  stabilized  volume  of  the  s\irface  pool,  ft^. 

lOAX 

Assuming  the  validity  of  Equations  k  and  S,  and  a  cylindrical  shape,  the  pool  depth 
at  the  time  of  stabilization  may  be  estimated  from  the  following: 

^ere:  h  •  depth  of  the  surface  pool  at  the  time  of  stabilization,  ft. 

D&X 

The  accuracy  of  Equations  U,S,  and  6  Is  unknown,  smd  it  Is  highly  speculative 
to  assume  that  they  are  valid  for  all  underwater  explosions  at  depths  less  than 
25  maximut  bubble  radii.  However,  they  are  presented  here  to  provide  rough  estimates 
of  the  possible  volume  and  extent  of  the  surface  deposit  of  explosion  products  In 
the  absence  of  currents  or  other  oceanographic  Influences.  Tf  sulditlonal  data 
became  available  in  the  future.  It  Is  quite  possible  that  these  preliminary  eqmtionE 
will  have  to  be  modified. 


Subsequent  to  the  RYTRA  program,  Lithanol  tests  were  conducted  with  fluorescein 
dye  inserted  in  the  cheirges  to  serve  as  a  visual  tracer  of  the  explosion  products. 

In  a  later  series,  conducted  with  chsirges  weighing  1^00  and  13,000  pounds,  quanti¬ 
tative  measurements  of  the  concentration  of  dye  and  lithium  (an  explosion  product) 
were  made  In  the  surface  pools.  On  one  test,  Xenon-133  was  used  as  a  tracer, 
and  the  rate  of  transfer  of  the  gas  across  the  air-water  interface  was  measured. 

On  three  shots,  the  concentrations  of  lithium  and  dye  in  water  samples  taken 
in  the  pools  were  found  to  be  closely  correlated  (correlation  coefficients  of  0.80, 
0.99,  and  0.82),  Indicating  that  the  dye  was  well  mixed  with  the  explosion  products. 
It  was  evident  that  some  of  the  dye  placed  within  the  charges  was  decomposed  by  the 
explosions,  but  the  experiments  showed  that  dye  suspended  in  a  container  directly 
above  the  charges  was  equally  satisfactory  as  a  tracer. 

'Hie  data  exhibited  considerable  scatter,  but  gave  some  indication  of  a  Gaussian 
distribution  of  explosion  products  in  the  pools  during  the  period  of  measurestent 
(l‘  to  18  minutes  after  lUOO-pound  explosion  tests). 

It  can  be  seen,  therefore,  that  relatively  little  information  is  available  that 
is  directly  related  to  the  deposit  of  explosion  products  in  the  environment.  A 
highly  qualitative  descrlptlor  can  be  developed,  however,  that  may  serve  to  establish 
reasonable  limits  concerning  the  magnitudes  of  Interest. 

It  Is  obvious  that  the  distribution  of  products  in  the  air  and  water  will 
depend  on  the  depth  of  an  explosion  and  the  nature  of  the  products.  The  total 
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depth  of  water  is  also  an  Important  variable  if  an  erplosion  is  within  one  bubble 
radius  of  the  bottom,  and,  In  this  case,  the  nature  of  the  bottom  Is  Important  • 

Ihe  ft*ee-^»ter  emrlronment  is  simpler  and  will  be  co.isidered  first. 

Photographic  evidence  (e.g.,  Milligan  and  Young,  19^^)  shows  that  an  explosion 
on  the  water  surface  generates  a  smoke  cloud  in  the  air  and  also  results  in  the 
ejection  of  some  liquid  water  from  the  underlying  surface.  Gaseous  products 
doubtless  escape  to  the  atmosphere  and  some  of  the  smoke  remains  airborne,  but  some 
settles  back,  probably  nixed  with  water.  A  pool  of  water  (black  in  the  case  of 
TNT)  remains  at  the  surface. 

When  a  charge  is  at  least  one-qxiarter  submerged,  there  is  an  appreciable  reduc¬ 
tion  in  the  amount  of  dry  smoke  produced,  and  most  of  the  airborne  cloud  appears 
to  be  water  mixed  with  carbon.  Most  of  this  falls  back  to  the  surface  in  a  short 
time.  From  depths  of  0.0^  to  0.20  maxlmus  bubble  radii,  a  well  developed  black 
smoke  crown  is  visible,  and  the  fallout  is  even  more  rapid.  At  a  depth  of  possibly 
0.25  the  column  and  central  Jet  eure  white,  and  it  seems  that  particulate  solids 
either  remain  in  the  water  or  return  to  it  almost  Innediately  at  this  depth  and  at 
greater  depths. 

It  seems  reasonable  to  assume  that  all  of  the  gaseous  products  will  escape  to 
the  atmosphere  if  an  explosion  occurs  at  a  depth  less  than  one  maximum  bubble 
radius.  If  a  bubble  goes  through  at  least  one  pulsation,  sufficient  turbulent 
nixing  should  occur  to  remove  a  fraction  of  all  products  from  the  inside  of  the 
bubble.  It  is  not  cleeu'  what  this  depth  is,  but  the  above-surface  observations  show 
that  bubble  Jetting  occurs  if  a  bubble  is  in  the  deep  category.  If  the  explosion 
is  within  four  maxlmun  bubble  radii  of  the  surface,  the  upward  migration  is 
probably  strong  enough  to  transport  most  of  the  products  to  the  surface,  either 
directly  or  by  means  of  the  vertical  cxurrent  in  the  wake  of  the  rising  bubble. 

For  deeper  shots,  it  seems  evident  that  some  gaseous  products  will  reach  the 
atmosphere  if  the  bubble  emerges,  either  in  an  active  or  passive  state.  In  addition, 
small  bubbles  that  have  separated  from  the  explosion  bubble  at  relatively  shallow 
positions  will  eventually  break  the  surface. 

As  the  first  collapse  of  an  explosion  bubble  is  the  most  energetic,  it  appe€u*s 
likely  that  more  turbulent  mixing  of  bubble  contents  with  the  environment  would 
occur  at  that  time  than  during  the  later  pulsations.  Some  ambient  water  probably 
enters  the  bubble  and  evaporates  tc  become  part  of  the  bubble  atmosphere,  but, 
at  the  same  time,  a  portion  of  the  explosion  products  apparently  is  deposited  in 
the  surrounding  water,  and  is  left  behind  when  the  bubble  migrates  upward.  This 
is  shown  in  photographs  of  small-scale  explosion  tests  in  tanks,  though  the  nature 
of  the  deposited  debris  cannot  be  clearly  established.  Some  of  it  is  probably  in 
the  form  of  tiny  bubbles  and  some  of  the  debris  evidently  consists  of  solid  peirticlee. 
A  portion  of  it  doubtless  originates  from  the  case  or  coating  of  the  charge. 

Evidence  of  debris  deposit  may  be  seen  at  the  depths  of  secondary  bubble  minima, 
and  a  specially  heavy  deposit  :.8  often  observed  at  the  depth  where  the  bubble 
stops  pulsating  after  three  or  four  cycles  suid  converts  to  a  spherical  vortex. 

(See  Figures  6  and  7).  The  depths  of  the  bubble  minima  may  be  estimated  from 
graphs  published  by  Snay  and  Tipton  (19^2). 

During  the  time  a  passive  bubble  migrates  toward  the  surface,  explosion 
products  probably  leave  it  at  a  relatively  slow  rate  as  a  result  of  diffusion  across 
the  interface  cmd  the  shedding  of  small  bubbles  in  the  wake.  As  stated  previously. 
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the  main  bubble  acquirer  i  roughly  heciispherical  shape  when  its  kinetic  energy  has 
been  erpenJeJ.  It  may  break  up  into  a  bubble  cloud  before  it  reaches  the  surface. 

The  mass  trnusfer  Crcm  gas  bubbles  rising  in  liquid  has  been  Investigated 
by  chemical  engineers  and  has  been  found  to  be  a  relatively  complex  phenomenon 
(e.g.,  Davies,  19^3;  Bischoff  and  HinOielblau,  19'^).  The  rate  of  transfer  is 
enhanced  if  bubbles  are  rising  in  a  stream  (Li,  et  al,  I965)  or  a  swarm  (Cal-Or 
and  Hoelscher,  IO60).  It  seems  likely  that  the  existing  theoretical  treatments 
could  be  applied  to  e.cploslon  bubbles,  as  mass  transfer  coefficients  have  been 
determined  for  most  gaseous  explosion  products. 

When  the  explosion  bubble  (or  bubble  swarm)  encounters  the  free  surface,  the 
remaining  gaseous  products  probably  escape  to  the  atmosphere,  but  the  solid  and 
dissolved  constituents  become  trapped  in  the  sui'face  pool.  After  the  kinetic  energy 
of  the  vertical  and  radial  motion  has  been  dissipated,  the  remaining  products  will 
probably  be  in  a  vertical  -'y Under  extending  from  the  depth  of  burst  to  the  surface 
with  a  diameter  equal  to  i  and  In  a  broad  sheillow  sxirface  pool.  Relatively 

high  concentrations  wo’jld  be  expected  at  the  bottom  of  the  cylinder,  where  the  bubble 
was  pulsating,  and  in  the  surface  pool.  Dirsolved  gases  will  probably  continue  to 
diffuse  across  the  air-sea  interface  until  their  concentrations  have  been  reduced  to 
a  low  level.  (This  subject  was  reviewed  by  Schink,  et  al.  In  197C, ) 

The  concept  of  a  submerged  cylinder  that  increases  in  volume  with  Increasing 
depth  of  explosion  may  seen  inconsistent  with  the  previous  assumption  of  a  constant 
volume  of  water  In  the  surface  pool  for  all  reduced  depths  to  a  ciaximvnn  of  25  A^^. 

HoTiever,  the  volume  of  the  cylinder  represents  a  region  traversed  by  the  rising 
bubble  and  Its  residue.  It  Is  always  small  compared  to  the  volume  given  by 
Equation  5. 

For  example,  if  a  1000-pound  TWT  explosion  occurs  at  a  depth  of  20  maximum 
bubble  radii  U,  *  3^  feet;  A.  =  17.!*  feet),  the  volume  of  the  submerged  cylinder 
is  equal  to  cubic  feet.  'Ihe  surface  pool  volume  calculated  from  Equation  5 

Is  equal  to  19  x  10  cubic  feet.  la  this  case,  the  cylinder  has  a  volume  equal  to 
about  of  the  volume  of  the  surfa-'e  pool. 

Photographs  of  expl''slor.  uests  in  the  IJ'^L  sccelernteu  tank  '•hoA?  that  If  the 
explosion  bubble  breaks  up  completely  Into  a  swara  of  small  bubbles,  the  swarm 
will  expend  while  rising  t '>ward  the  surface.  This  effect  has  not  been  stulie’ 
quantitatively,  but  ns  a  first  approximation,  the  diameter  of  the  submerged  cylinder 
should  be  increased  to  '*  A^  for  depths  In  excess  of  25  maximum  bubble  radii. 

In  regard  to  the  percentage  of  products  deposited,  the  data  from  Lithanol  and 
nuclear  tests  indicate  that  more  than  60((  of  the  products  remain  in  the  surface 
pool  if  the  depth  of  burst  is  less  than  !*  Aj^.  This  result  should  be  approximately 

valid  for  the  solid  and  dissolved  proiucts  of  conventional  explosions. 

Without  further  study,  the  information  sumnarlxed  here  is  useful  for  qualitative 
guidance  only,  "n^e  following  table  may  be  utilized  on  an  interim  basis  with  this 
limitation  in  mind.  It  is  consistent  with  the  limited  data  available,  but  the 
accuracy  of  the  values  given  is  unkn-»wn.  They  ai-e  assxxned  to  apply  to  the  time  of 
equilibrium,  that  is,  when  the  turbulent  motions  in  the  air  and  water  resisting 
directly  from  an  explosion  have  subsided.  This  can  be  taken  as  about  5W^/3  minutes. 

3'* 
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An  explislon  on  the  seabel  leaves  a  crater  that  may  persist  for  a  considerable 
perio<l  of  time.  The  experimental  data  are  adequate  for  predicting  crater  dimensions 
for  TJTT  explosions  on  a  variety  of  soils  (e.g..  Waterways  Experiment  Station, 

195^;  Davis  and  Rooke,  lOoH);  however,  very  little  information  is  available  for 
'^ter  depths  in  excess  of  1.0  W^'3  feet.  Figures  (l8)  and  (l9)  may  be  used  for 
estimating  radii,  depths,  and  volumes  for  bottom  explosions  in  clay  or  sand,  enters 
probably  increase  in  size  with  increasing  depth  of  water  between  1.0  and  3-0  W^/3 
feet,  and  then  become  smaller  at  greater  depths.  However,  this  has  not  been  quanti¬ 
fied  because  of  the  lack  of  data. 

No  information  is  available  concerning  the  deposit  of  explosion  products  In 
craters,  though  It  seems  likely  that  some  particulate  natter  would  remain  after 
a  bottom  explosion  on  any  type  of  sediment.  When  the  explosion  bubble  expands, 
the  soil  is  pushed  aside  and  some  portion  is  ejected  into  the  water  or  air,  either 
in  the  form  of  small  particles.  In  the  case  of  sand  or  mud,  or  partially  in  the 
form  of  large  clunps.  If  the  bottom  Is  a  viscous  clay.  Particulate  matter  In  the 
bubble  might  be  entrained  by,  or  coalesce  with,  natural  particles  at  an  early 
stage  ^en  they  are  In  close  contact.  Immediately  after  the  crater  Is  formed 
(except  in  clay  or  rock),  water  rushes  back,  .smoothes  out  the  lip,  and  csoTles 
s^ime  bottom  material  Into  the  crater,  partially  filling  It.  The  crater  may  peurtlally 
collapse  also  as  a  result  of  lack  of  cohesive  strength.  In  most  cases,  crater 
measurements  represent  the  "apparent  crater"  remaining  after  this  sltmplng  action 
occurs. 

Generally  speaking,  the  crater  radius  is  a  guide  to  the  extent  of  permanent 
deformation  of  the  sea  floor.  As  a  rule-of-thumb,  the  bottom  Is  possibly  dlstxirbed 
to  a  llstance  of  two  crater  radii.  The  depth  Is  less  meaningful,  because  it  is 
more  strongly  affected  by  slumping,  sedimentation,  and  water  flow.  The  volunte  Is 
a  rough  ind^ation  of  the  amount  of  ejected  material.  If  the  water  depth  is  greater 
than  1.0  ^  feet,  possibly  all  of  this  remains  In  the  water,  though  it  may  be 

ejected  to  the  atmosphere  f'^r  a  brief  period  and  then  fall  back. 

Some  indication  of  the  per.slstence  of  craters  is  given  in  a  report  by  Young 
(l'>53).  Craters  formed  by  60C-pound  charges  in  a  viscous  clay  at  Dahlgren,  Virginia 
remained  in  existence  for  at  least  a  year,  au;d  one  crater  formed  by  a  U200-pound 
charge  was  meas’orable  three  years  after  the  test.  Sand  craters,  however,  filled 
in  rapidly. 

A  knowledge  of  the  properties  of  the  bottom  is  needed  for  a  thorough  evaluation 
of  environmental  effects.  As  marine  sellments  are  frequently  classified  by  the  size 
I'.lstrlbutlon  of  their  parti 'les,  the  soil  types  giveit  in  Figures  (l8)  and  (19) 
provvie  some  guiJiuice  concerndoj  the  possible  results  of  explosions  on  the  bottom. 

For  e^nple,  sanl  particles  range  frem  c.o'  ?  mm  in  diameter,  and  clay  particles 
range  from  0.0002^  to  0.001*  om  1;.  llameter  0'.cA_llster,  lOtO),  When  dislodged  fr<xn 
••he  seabed,  the  larger  narticles  fall  hack  rapinl^,  but  the  finer  particles  remain 
su'-peniel  for  a  period  of  time  tuj'bJ  •'Iculs  that  drift  with  the  current.  Th** 
r«te  o'*  fall  and  the  diffusion  dT  lan  ^  paj  titles  ha  .  been  studied  by  Murray  (1970). 
Although  clays  have  small  parti'les,  ihe  cohenior.  betwicn  particles  often  results 
1:;  greater  strength  than  in  the  Tase  of  san-';  consequently#  information  concerning 
the  mechanical  proper! le-  of  sediments  is  also  needed. 
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FIG.  18  CRATER  WIDTHS  AND  DEPTHS 
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Although  the  cratering  process  in  soils  must  be  related  to  the  bubble  phenomena 
of  a  bottom  explosion,  little  is  known  about  the  natxire  of  this  relationship.  Ihe 
behavior  of  bubbles  on  a  non-cratering  bottom  was  studied  in  a  vacuum  tank,  however, 
and  this  information  is  helpful,  particularly  for  very  deep  explosions.  Over  a 
range  of  depths  extending  from  dj^/A]_  =  1.7  to  5*2,  the  bubble  was  almost  hemispherical 
in  shape,  with  the  diameter  of  the  base  avereiging  2.30  tiroes  the  calculated  maxinum 
bubble  radius  in  free  water.  A  significant 

result  was  the  observation  that  at  relatively  great  depths,  the  bubble  stays  on  the 
bottom  throu^  all  of  its  oscillations.  An  example  of  such  behavior  is  shown  in 
Figure  (20).  In  the  absence  of  other  Information,  it  may  be  assumed  that  the  crater 
diameter  is  equal  to  the  bubble  diameter  for  deep  explosions. 

When  the  oscillations  are  completed,  the  remaining  gas  doubtless  rlsej  to  the 
surface,  possibly  as  a  cloud  of  small  bubbles.  However,  it  seems  evident  that  a 
large  fraction  of  the  explosion  products  wovild  be  deposited  on  or  within  the  bottom 
in  these  circumstances.  It  is  not  clear  how  the  vacuum  tank  data  should  be  used 
for  predicting  effects  on  the  seabed,  and  further  work  is  needed  to  evaluate  the 
model  tests,  but  it  seems  possible  that  a  pulsating  bubble  may  stick  to  the  bottom 
^en  the  depth  is  greater  than  ten  maximum  bubble  radii.  (The  free-water  /adue  of 
is  used  for  convenience  in  scaling. )  This  is  based  on  limited  evidence  frc-<  field 
tests,  ^Ich  show  only  an  upwelllng  at  the  surface  at  this  reduced  depth. 

This  is  considerably  Vss  than  the  estimated  depth  for  upwelllng  from  free-water 
shots,  and  it  would  be  expected  that  the  containment  depth  would  also  be  reduced 
for  bottom  shots.  'Riere  is  no  information  on  which  to  base  an  estimate  of  this 
depth,  however. 

A  secondary  effect  of  interest  is  that  an  explosion  on  the  bottom  could 
possibly  release  a  cloud  of  natural  gases,  such  as  methane,  from  the  bottom  sediments. 
This  occurred  when  Llthanol  tests  were  conducted  on  the  bottom  of  the  Chesapeake 
Bey.  In  some  cases,  a  leurge  cloud  of  small  bubbles  reached  the  surface,  although  no 
dye  tracer  was  obsex*ved  and  there  was  no  evidence  of  the  arrival  of  explosion  debris. 


VII  LONG-TFRM  EFFECTS 


Immediately  after  an  explosion,  the  growth  of  the  surface  pool  is  caused  by 
an  upwelllng  and  radial  expansion  resulting  from  the  migration  of  the  explosion 
buboie  toward  the  surface.  The  flow  is  obn/lously  turbulent,  due  both  to  the  oscil¬ 
lations  of  the  bubble  and  the  emergence  and  collapse  of  plumes  of  water  and  spray. 
During  this  stage,  internal  tvirbulence  probably  produces  a  uniform  distrlbutiou 
of  ary  products  in  the  water.  After  the  violent  notions  have  svbslded,  the  pool 
becones  pla-ld,  and  it  Is  then  subject  entirely  to  enviroi .mental  effects  and  natural 
turbulence.  In  general,  it  is  not  clear  \dien  this  takes  place,  because  the  trsuisltlon 
is  gradual.  Natviral  processes  are  always  present,  though  secondary  in  Influence  at 
early  times,  and  the  pool  is  transported  by  currents  from  the  time  it  first  appeeurs 
at  the  surface. 

When  the  pool  reaches  the  stage  in  lAldi  it  is  essentially  a  peurt  of  the 
environment,  except  for  its  contents,  it  is  acted  on  hy  relatively  large-scale 
features  of  oceanic  motion  that  lead  to  distortion  and  translation  and  by  small- 
scale  eddies  that  contribute  to  the  tiorbulent  diffusion  process.  These  effects  have 
been  described  thorovighly  in  several  publications  such  as;  Wlegel  (1964^;  Smith 
(1967);  Okubo  and  Pritchard  (1969);  and  OlMbo  ^1970).  Reports  related  specifically 
to  explosion  pools  include  a  publication  by  Koh  and  Fan  (1969). 
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FIG.  20  BUBBLE  PULSATING  ON  THE  BOTTOM  IN  VACUUM  TANK  EXPERIMENT 
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If  the  size  of  a  pool  and  the  quantity  of  foreign  substance  it  contains  at 
the  time  of  stabilization  can  be  established,  it  is  then  possible  to  calculate  the 
future  history  of  the  pool  by  established  methods.  These  have  been  summarized  in 
useful  formats  by  Okubo  and  Pritchard  (l9^)  and  by  Koh  and  Fan  (I969).  If  solid 
particles  with  an  appreciable  fall  velocity  are  present,  these  must  be  treated 
separately,  as  they  will  settle  out  of  the  pool  (e.g.,  Charnell,  et  al,  1970). 

At  the  present  time.  Equations  i*,  5#  and  6  can  be  used  to  estimate  the  size 
of  the  siurface  pools  formed  by  explosions  at  depths  less  than  25  bubble  radii.  In 
regard  to  the  contents  of  the  pools,  the  only  approach  that  seems  reasonable  in 
viev  of  the  current  lack  of  information,  is  to  maximize  the  amount  of  entrained 
material  and  assume  that  it  is  distributed  uniformly.  For  example,  if  an  investigator 
is  concerned  about  the  environmental  effects  of  carbon  particles  in  water,  he  can 
assume  that  all  of  the  carbon  from  the  explosion  is  deposited  in  the  surface  pool, 
and  then  calcula'se  its  subsequent  dispersion.  If  the  effects  prove  to  be  of  no 
concern  on  this  basis,  then  there  would  be  no  detrimental  effect  in  a  realistic 
situation. 

VIII  CONCLUSIONS  AND  RECOMMENTATIONS 

There  is  only  a  limited  amount  of  quantitative  information  on  the  physical 
effects  of  underwater  explosions  that  can  be  applied  directly  to  the  problem  of 
estimating  the  long-range  effects  on  the  environment.  In  regard  to  the  heating  of 
water  by  an  explosion,  however,  there  is  little  doubt  that  turbulent  mixing  reduces 
this  to  a  negligible  level  at  an  early  time  and  that  the  temperature  differences 
will  be  only  a  fraction  of  a  degree  a  few  minutes  after  an  explosion  takes  place. 
Within  an  hour  of  almost  any  explosion,  these  temperature  changes  should  be  indis¬ 
tinguishable  from  the  normal  temperature  variations  obseirved  in  natural  bodies  of 
water. 

However,  the  mixing  of  explosion  products  with  the  environment  is  a  more 
complex  process  because  the  products  may  be  gaseous,  they  may  possess  various  degrees 
of  solubility,  or  th^  be  particulate  in  form  with  a  vide  range  of  sizes.  To 

gain  more  Informatio  ais  problem,  it  would  not  be  difficult  to  conduct  a  series 

of  underwater  explosion  tests  in  the  Held  and  sample  the  surface  pools  as  a  function 
of  time  and  space.  The  samples  could  be  analyzed  chemically  and  the  sizes  of 
particles  could  be  measured.  Established  tracer  techniques  could  be  employed  as  a 
backup.  However,  the  acquisition  of  data  concerning  the  distribution  of  products 
in  the  air  and  beneath  the  surface  in  a  natural  environment  would  be  a  major  under¬ 
taking.  It  might  be  more  fruitful  to  use  a  large  tank,  or  possibly  eua  experimental 
pond,  for  this  purpose. 

Jirect  measvtrements  of  cratering  effects  and  the  leposition  of  products  In  the 
seabed  are  also  feasible,  providi!'.g  the  experiments  are  done  in  clear  water  at  a 
depth  of  100  feet  oi  less.  In  this  case,  underwater  photography  can  be  used,  and 
divers  could  Inspect  and  sample  the  bottom. 

As  a  supporting  effort,  it  is  recommended  that  the  existing  photographs  of 
small-scale  tests  at  relatively  deep  positions  in  the  NOL  accelerated  tank  be  fully 
evaluated.  This  would  provide  Invaluable  Infomiation  concerning  the  migration  and 
breakup  of  explosion  bubbles,  thou^  the  photogranhs  alone  cannot  answer  the 
existing  qxiestlons  concerning  environmental  effects. 
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Dy  combining  the  data  acquired  from  new  field  tests,  the  accelerated -tank 
data,  and  exist irg  knowledge  of  explosion  processes,  physical  chemistry,  and  oceanic 
phenomena,  it  should  be  possible  to  develop  a  computational  riodel  for  prediction 
purposes.  Such  a  model  was  developed  at  the  Ifaval  Ordnance  Laboratory  for  Llthanol 
explosions.  Although  it  is  not  valid  for  explosives  that  generate  bubbles  of  gas, 
it  could  be  used  to  guide  the  Initial  effort.  A  gas  bubble  model  could  probably 
never  be  precise,  but  it  could  be  used  to  establish  a  restscoable  range  of  the 
possible  physical  effects  of  underwater  explosions  on  the  environment. 

It  is  not  the  purpose  of  this  report  to  evaluate  the  degree  of  harm,  or  lack  of 
harm,  of  an  explosion  to  the  environment.  The  research  program  outlined  above  would 
help  to  put  this  aspect  of  the  problem  on  a  firmer  basis  for  underwater  bursts. 
However,  on  the  basis  of  c\>rront  knowledge  alone,  it  would  be  possible  to  do  a 
ccmparative  study  of  the  environmental  effects  of  explosions  in  the  air,  on  land  and 
water  surfaces,  and  under  water  and  ground.  For  exanq>le,  the  theories  of  turbulent 
diffusion  in  these  media  are  well  established.  It  is  conceivable  that  underwater 
explosions  at  carefully  selected  sites  in  deep  water  would  result  in  the  least 
damage  to  the  physical  environment  emd  to  living  creatures. 
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